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ions. A simple embedded atom model for metallic binding use the electron density as an effective medium into 
which atoms are embedded to form the solid state. The binding energy of an atom will be a function of the local 
electron density at the embedding site. To avoid overlapping atom cores the total energy must also contain a 
repulsive electrostatic pair contribution. Finnis and Sinclair [2] proposed a specific functional form for 
attractive part of embedded atom potential based on tight binding theory. In this, the binding energy/atom is 
related to ¥Z, where Z is the atomic number. In this context, Finnis-Sinclair type potential suggested by 
Mendelev et al [3] is ideally suited for handling bcc iron. 
Excellent literature is available on tensile behaviour of Į-Fe by MD simulations [4,5]. However only limited 
experimental [6-9] and simulation studies [9-11] exist on cyclic deformation and fracture behaviour of bcc iron 
and other materials. However, to the best of authors’ knowledge, no investigation exists on total strain 
controlled low cycle fatigue behaviour of smooth specimens on initially defect (free of vacancies or 
dislocations prior to deformation) free nano crystal Fe. Therefore, low cycle fatigue simulations have been 
carried out at 573 K with various strain amplitudes. In addition, studies on effects of temperature on tensile and 
fatigue behaviour of bcc iron were also initiated and are in progress.  
2. Simulation details 
Molecular dynamics simulations of tensile and cyclic behaviour of initially defect free bcc iron single crystal 
have been carried out by using Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) 
package in a workstation running in Linux platform. The potential (Fe_2.eam.fs) developed by Mendelev et al 
[3] was used to describe the interatomic interactions in bcc Fe. Simulation box had three regions, two rigid 
regions (top and bottom) for gripping and the middle portion is chosen as the active region. The simulation box 
had 15000 iron atoms in total arranged in bcc lattice. Free boundary conditions were employed in x and y 
directions and periodic boundary condition was imposed in z direction which is also the loading direction 
[001]. NPT (number of particles, pressure and temperature remain constant) ensemble was chosen as the 
statistical model to describe the system with temperature control by velocity rescaling and pressure control by 
Berendsen method. Equilibration was carried out for 15000 time steps. A typical temperature equilibration 
achieved at 573 K and 273 K are depicted in Fig. 1. Deformation is carried out in stepwise manner with a time 
step of 1 femto second. Strain rate employed in tensile/fatigue loading was about 109 s-1. Visualisation of 
deformed and fractured specimen was carried out by exporting the output data file generated by LAMMPS to 
Atom Eye software. 
 
 
Fig. 1. Velocity rescaling to stabilise the temperature. Fig. 2. Tensile stress-strain curve of single crystal bcc Fe at 573 K. 
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3. Results and discussions 
3.1. Tensile behaviour of Į-Fe 
In order to fix the proper strain range in fatigue simulations and to understand the cyclic behaviour, it is 
appropriate to first carry out the simulations of tensile behaviour on initially defect free single crystal of Į-iron. 
The simulated tensile stress-strain curve generated at 573 K is depicted in Fig. 2. The stress-strain response is 
linear up to about 4.7 GPa followed by rapid stress drop due to lattice instability. Beyond a strain value of 0.3, 
the stress increases again to a maximum value of about 5.7 GPa, followed by failure. Similar behaviour has 
been reported by Hu [4] and Komanduri [5] and it is the typical behaviour of a whisker. It must be pointed out 
that orientation of crystal plays a dominant role in deciding the tensile deformation and fracture characteristics 
[5]. It is well known that main cleavage planes of body-centred-cubic (bcc)-Fe are (100) and (110) and the 
main slip systems are {110} <111> and {112}<111> and orientation of slip plane depends on orientation of 
tensile axis and its activation depends upon temperature and strain rate. System size also may play a dominant 
role in simulation of tensile behaviour. It has been shown that for a given orientation and boundary condition, 
size effect manifests in terms of variation in threshold stress required for activation/deactivation of specific 
deformation mechanisms but not the change in deformation mechanism as such [5].  
 
Fig. 3. Strain-time step waveform employed in fatigue testing. Fig. 4. Representative stress-strain hysteresis loops at different strain amplitudes of testing at 573K. 
3.2. Low cycle fatigue behaviour of Į-Fe 
Based on Tensile behaviour, strain amplitude levels were chosen in the range of ± 7% to ± 10% which 
correspond to the regime of rapid stress drop after yielding (Fig.2). For a given system size it was not possible 
to go to higher strain amplitudes corresponding to hardening regime in tensile stress-strain curve due to 
buckling. MD simulations with higher system sizes were however not practical in workstation.  
Typical strain-time step cycling achieved is depicted in Fig. 3, which resulted in cyclic stress-strain 
hysteresis loops. The stable hysteresis loops evolved during fatigue at various strain amplitudes of simulation 
are presented in Fig. 4. The loops look rectangular in shape due to limited data used in plotting with a view to 
show the trend alone (Fig.4). From hysteresis loops, cyclic stress response (CSR), cyclic stress-strain curve and 
strain-life plots can be deduced. Figures 5 and 6 show the cyclic stress response curves obtained at total strain 
amplitudes of ± 7% and ±9% respectively. The material shows rapid softening within a few cycles followed by 
stress saturation. In addition, at ±7%, CSR is also characterised by short and rapid stress drops occurring 
frequently in the curve. This could be linked to some material phenomenon such as strain burst [12]. In MD 
simulations of nano size crystals, it has been observed that dislocations generated are few in number and many 
escape the surface followed by regeneration of dislocations. This can cause small stress oscillations in 
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simulations as seen in Fig. 5. However, detailed investigations are necessary to conclude this. Cyclic stress-
strain curve was also plotted for single crystal Fe (Fig. 7) which in general shows the expected trend of increase 
in stress response with increase in half-life plastic strain amplitude. It is necessary to point out that simulated 
fatigue tests are still in progress and therefore the effect of strain amplitude on fatigue life has not been 
presented. 
 
Fig. 5. Cyclic stress response at a strain amplitude of  
± 7% at 573K. 
Fig. 6. Cyclic stress response at a strain amplitude of  
± 9% at 573K. 
Fig. 7. Cyclic stress-strain curve at 573 K. 
During MD simulations of fatigue on bcc iron, it was observed that slip initiates along certain bands (Fig. 8) 
which can be correlated to experimental observation on shear band formation in ferritic single crystals [8]. In 
subsequent cycles, fatigue damage develops at the surface and grows inward (Fig. 9) due to cyclic 
irreversibility.  
 
. Fig. 8. Slip activation before 10 cycles at a strain 
amplitude of ± 9% at 573 K. 
Fig. 9. Typical fatigue damage after 50 cycles at a strain 
amplitude of ± 9% at 573 K. 
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In literature, strain controlled fatigue simulations on single crystal iron is virtually non-existing. Even stress 
controlled fatigue simulations do not comment about the types of defects involved during deformation of bcc 
iron [9-11]. However, in stress controlled fatigue crack growth simulation of bcc iron, dislocations have been 
shown to emit from crack tip [9]. Our unpublished results on tensile behaviour of single crystal bcc iron show 
that several phenomena are operative during tensile deformation such as dislocation generation after yield, 
escape of dislocations to free surfaces, lattice reorientations and phase transformations. Various deformation 
mechanisms such as dislocation movement, dislocation piling up and twinning are also clearly observed during 
tensile deformation by Hu et al [4]. All these observations suggest that similar behaviour can be expected in 
fatigue simulations also. Detailed investigation on identifying the deformation and damage mechanisms in 
fatigue simulations is in progress. 
4. Conclusions 
• Tensile behaviour of single crystal Fe was characterised by initial increase in stress response to a large value 
followed by rapid drop in stress after yielding. This in turn was followed by hardening to reach maximum 
stress prior to failure. The material was found to fail by necking. 
• Cyclic stress response of initially defect free single crystal Fe was characterised by rapid cyclic softening for 
a few cycles followed by stress saturation regime. 
• Cyclic stress-strain curve shows hardening with an increase in plastic strain amplitude. 
• It is important to examine the effect of orientation, strain rate, temperature and system size on fatigue 
behaviour of single crystal bcc iron using MD simulations and to identify the operative deformation and 
damage mechanisms. 
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